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Abstract
Purpose: The interaction of diet with gut microbiome has 
been implicated in the onset of cardiovascular disease. The 
gut microbiome displays diurnal rhythms, which may be in-
fluenced by meal timing. Objective: This study aimed to in-
vestigate the effect of the timing of main meal consumption 
on the microbiome and cardiometabolic biomarkers of the 
host. Methods: Seventeen healthy adults randomly con-
sumed an isocaloric diet for 7 days, twice, by alternating 
lunch with dinner meals, and with a 2-week washout in-be-
tween. Sixty percent of the participants’ daily energy re-
quirements was consumed either as lunch or dinner, respec-
tively. Meals were provided free to the participants. All fecal 
samples produced the last 3 days of each intervention were 
collected and analyzed for microbial profiling (16S rRNA 
gene amplicon sequencing), quantitative estimation of rep-
resentative bacterial groups (qPCR) of the gut microbiome, 
and the output of short-chain fatty acids (SCFA) in feces. 
Fasted blood samples were analyzed for low-grade inflam-
matory biomarkers, blood lipids, insulin, and glucose levels. 
Cumulative energy loss in feces was measured over the col-
lection period using bomb calorimetry. Results: Meal timing 
had no significant effects on fecal SCFA output, energy loss 
in feces, microbial community profiling, and bacterial spe-
cies relative abundance. The absolute concentration of Esch-
erichia coli was significantly higher after the large lunch in-
tervention (p = 0.02). No effects on blood biomarkers of car-
diometabolic health were observed. Conclusions: In a 
well-controlled study, main meal timing displayed minimal 
acute effects on the gut microbiome composition, its diet-
related function, and blood biomarkers of cardiometabolic 
health. © 2020 The Author(s)
Published by S. Karger AG, Basel
Introduction
The gut microbiome and the host are intrinsically 
linked to each other. There is a growing body of evidence 
drawing associations between disruptions to the microbi-
ome (dysbiosis) and noncommunicable diseases such as 
inflammatory bowel disease [1] and, beyond the gastro-
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intestinal tract, cardiovascular disease (CVD) [2]. The ex-
act mechanisms by which diet influences the onset of 
CVD or determines cardiometabolic health are incom-
pletely known, but emerging research hints at a complex 
diet-microbiome interaction [3]. For example, a high-fat 
diet can reduce the abundance of bacterial species associ-
ated with good cardiometabolic health, and certain Gram-
negative bacteria may promote type 2 diabetes through 
endotoxin-induced inflammation, whereas fermentation 
of dietary fiber produces short-chain fatty acids (SCFA) 
which have beneficial effects on appetite regulation, de 
novo lipogenesis, and energy substrate metabolism [2, 4].
Interestingly though it may not only be the macronu-
trient composition of the diet that influences the gut mi-
crobiome and by extension the CVD risk. Recent research 
has begun to unveil the complex relationship between 
meal timing and frequency, diurnal rhythm, and the mi-
crobiome. In a cross-sectional study, the human fecal mi-
crobiome and diet-produced bacterial metabolites were 
associated with time of day, eating frequency, percentage 
of energy consumed early in the day, and overnight-fast 
duration [5]. The factors which influence these diurnal 
fluctuations in the gut microbiome are still unknown and 
understudied. Previous research suggests that gastroin-
testinal bacteria have their own intrinsic biological clocks, 
as well as responding to the host’s circadian rhythm [6, 
7]. In a small study, Thaiss et al. [8] demonstrated, in mice 
and in humans, that jet-lag-induced microbiome dysbio-
sis causes weight gain, glucose intolerance, and an in-
crease in body adiposity, symptoms which were transfer-
rable to non-jet-lagged mice with fecal transplantation.
The human diurnal or circadian rhythm is entrained 
by light and the timing of food consumption. If the bacte-
rial clock is also entrained by the same stimulants as hu-
mans, it could be hypothesized that the time of food con-
sumption would be a modifier for the gut microbiome 
and by extension of risk of noncommunicable diseases 
associated with the former. This is interesting to study as 
previous research has shown that consuming a higher 
proportion of energy intake at midday may have benefi-
cial health effects, such as greater weight loss and better 
insulin sensitivity [9], and energy intake in the evening 
might be a risk factor for obesity [10]. Whether the mi-
crobiome is implicated in this process is unknown, and it 
is difficult to establish causation via early data from asso-
ciation studies [5]. A recent intervention study in 10 
healthy volunteers explored the effect delaying lunch by 
3:30 h might have on the fecal and salivary microbiome. 
The authors observed significant effects on the diversity 
and bacterial relative abundance of the salivary microbi-
ome but no influence effects on the microenvironment of 
a spot fecal sample [11]. To the best of our knowledge, 
there are no well-designed intervention studies which 
have investigated the effect swapping lunch with dinner 
would have on the gastrointestinal microbiome, diet-re-
lated metabolism, gut physiology, and host cardiometa-
bolic health.
Considering the recent hypotheses generated from as-
sociation studies and animal experiments, the current 
study aimed to investigate the acute effects of the time of 
main meal consumption on the gut microbiome and host 
cardiometabolic health.
Materials and Methods
This study is a crossover randomized control trial in healthy 
adults (>18 years) recruited by means of advertisement. Eligible 
participants were screened using a health check questionnaire 
which included questions about current and past medical history, 
use of medication, and previous major gastrointestinal operations. 
Those with a history of major gut surgery, antibiotic use during the 
last 3 months, weight change during the past month (±2 kg), and 
presence of chronic illness (defined as illness requiring regular vis-
its to a doctor or regular use of medication) and pregnant women 
were excluded.
Dietary Interventions
Participants consumed the same diet twice, but each time un-
der different meal timing condition. Each intervention lasted for a 
week. All participants undertook both dietary interventions with a 
2-week “washout” period in-between, where participants main-
tained their habitual diet (Fig. 1). Participants were allocated to 
their first intervention using simple randomization (i.e., partici-
pants flipped a coin). The duration of the intervention and wash-
out was based on evidence that the human gut microbiome is rap-
idly altered within just 3 days of diet change [12, 13]. The dietary 
interventions were based on a typical Western diet consisting of 
50% carbohydrate, 35% fat, and 15% protein (see online suppl. 
material 1; see www.karger.com/doi/10.1159/000510646 for all 
online suppl. material). The 2 dietary interventions were identical, 
in terms of meal types and the day during the week these were con-
sumed, with the only difference being the time of the main meal 
consumption. Participants were asked to consume 60% of their 
daily energy requirements either as lunch, between 12:30 and 
13:30, or as dinner, between 19:30 and 20:30, each day during their 
2 dietary interventions. Breakfast accounted for 15% of their total 
daily energy requirements, and a morning and evening snack each 
accounted for 5% energy requirements. Fifteen percent of their 
energy requirements were allocated as a light meal, either as dinner 
or lunch, depending on the timing of the main meal. The partici-
pants were provided with food and meal lists from which they 
chose their preferred ones to consume during the interventions. 
Each participant consumed exactly the same food for both inter-
ventions and on the same days. All meals were purchased and pro-
vided to the participants free of charge to encourage compliance 
and control dietary intake. Participants were asked to complete 
their meals within a maximum of 30 min of serving. During the 
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study course, compliance to the dietary intervention was moni-
tored against a check list of the meals the participants were pro-
vided. Individual dietary plans were created for each participant 
separately, based on their daily energy requirements. The energy 
requirements of each participant were calculated using the Scho-
field equation accounting for individual physical activity levels. 
Measurements of weight and height were obtained before and after 
each intervention at the research metabolic unit in Human Nutri-
tion, University of Glasgow. The study was approved by the MLVS 
Research Ethics Committee at the University of Glasgow (refer-
ence No. 200170046). All participants provided written informed 
consent and were reimbursed with GBP 100 shopping vouchers or 
a donation to a charity of their choice.
The study was conducted according to the criteria set by the 
World Medical Association Declaration of Helsinki. Additionally, 
the study was registered with clinicaltrials.gov (NCT03949543).
Fecal Sample Collection
All stools produced from 12:00 noon on the fifth day of the in-
tervention until 12:00 noon on the eighth day of the intervention 
(cumulative 3-day stool collection) were collected during both in-
terventions. The entire bowel movement was collected using pro-
vided stool collection kits. Immediately after passage, each sample 
was transferred to the laboratory under anaerobic conditions 
(OxoidTM AnaeroGenTM) using a cool bag and ice packs and within 
2 h of defecation. All samples were weighted, homogenized, and 
stored for downstream analysis. The shape and texture of the sam-
ples were rated using the Bristol Stool Scale. Fecal pH was mea-
sured in 1:3 w/v slurries and fecal ammonia with an ammonia an-
alyzer (HI 93715; Hanna, Bedfordshire, UK). Fecal water content 
was calculated from the dry matter after freeze-drying.
Fecal Microbiome
Extraction of genomic DNA was performed using the Power-
Soil® DNA isolation kit which includes an initial bead-beating step 
(FastPrep-24TM), according to the manufacturer’s instructions 
(Qiagen, Manchester, UK). Purity was checked on 1% agarose gel 
electrophoresis, and the concentration of nucleic acids was mea-
sured with NanodropTM and Qubit. Quantification (16S rRNA 
gene copy number/g stool) of total and representative dominant 
and subdominant bacterial groups of the human gut microbiome 
(Bacteroides/Prevotella, Clostridium leptum cluster, Clostridium 
coccoides cluster, Bifidobacterium, Lactobacillus, and Escherichia 
coli) was carried out with quantitative PCR using TaqManTM 
chemistry [14] (online suppl. material 2). Absolute quantification 
was performed against serial dilutions of bacterial DNA standards 
obtained from the pure strain. The V4 region of the 16S rRNA gene 
of the last sample provided by each participant and for each inter-
vention was amplified, and sequencing was performed (MiSeq, Il-
lumina, Essex, UK) using 2 × 250-bp paired-end reads [1].
n = 17
Healthy adult participants
Lunch as main meal
1st week (1st–7th day)
60% of total energy intake
consumed during lunch  
Dinner as main meal
3rd week (22nd–29th day)
Lunch as main meal
3rd week (22nd–29th day) 
Dinner as main meal
1st week (1st–7th day)
60% of total energy intake







2 weeks wash out 
Visit 2 (t = 8th day): fasted
blood, weight and height
5th–7th stool samples
Visit 3 (t = 30th day): fasted
blood, weight and height
27nd–29th day stool samples
Visit 1 (t = 0): health
questionnaire, written
instructions, food list, 
weight and height  
Replication of the week 1 
(type and amount of food, 
sleep hours, physical 
activity)
Randomised
Fig. 1. Design of the crossover randomized controlled trial. t, timepoint.
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Fecal SCFA
Fecal SCFA and branched-chain fatty acids were quantified by 
gas chromatography in diethyl ether extracts [14]. Quantification 
was performed against authentic standards, and 2-ethylbutyric 
acid was used as the internal standard.
Energy Loss in Feces
Energy excreted in feces collected over the last 3 days of the in-
tervention was measured using the bomb calorimeter (Parr 6100) 
in dry feces (500 mg). The bomb calorimeter was calibrated daily 
with benzoic acid tablets. Analysis was performed in duplicate or 
until the coefficient of variation (%CV) between replicates was 
<5%. The difference between dietary energy intake and energy loss 
in feces was calculated.
Blood Lipid Analysis
Fasted venous blood samples were collected at 8 a.m. the day 
after the intervention, in ethylenediaminetetraacetic acid tubes. 
Tubes containing blood samples were immediately placed on ice 
and then centrifuged at 4°C, at 3,000 rpm for 15 min. Plasma was 
dispensed in 0.5-mL tubes and kept at −80°C until analysis. High 
sensitivity interleukin-6 (IL-6) (Invitrogen, Cat# BMS213HS) and 
high sensitivity tumor necrosis factor-α (TNF-α) (Invitrogen, 
Cat# BMS223HS) and insulin (Mercodia, Cat# 10-1113-0) were 
measured using ELISA kits. Plasma glucose, total cholesterol, 
HDL cholesterol, LDL cholesterol, triglyceride, and high-sensitiv-
ity C-reactive protein (CRP) were measured at the Queen Eliza-
beth University Hospital accredited Clinical Biochemistry labora-
tories.
Bioinformatics
Operational taxonomic units (OTUs) were used to analyze the 
gut microbial (i.e., bacterial) composition. OTUs were generated 
from 16S rRNA amplicon sequencing data using a modified ver-
sion of the VSEARCH pipeline (https://github.com/torognes/
vsearch/wiki/VSEARCH-pipeline). The paired fastq files were 
combined, and a maximum error rate of 0.5 bp per read was used 
for the quality filtering step. Sequences longer than 275 bp and 
shorter than 225 bp were filtered out. The fastq files were pooled 
together, dereplicated, all singleton sequences were removed, and 
sequences were then preclustered at 98%. Chimera identification 
Table 1. Difference in the characteristics and energy content in feces between the 2 interventions
Large dinner Large lunch p value
Characteristics of feces
Fecal pH 6.7 (0.5) 6.6 (0.5) 0.69
Bristol stool chart 3.1 (1.4) 4.2 (1.4) 0.24
Total stool output over 3 days, g 275 (147) 311 (249) 0.46
Fecal water content, % 70.6 (8.6) 69.8 (6.1) 0.63
Energy content in feces
Average of all samples per participant, kcal/g 1.3 (0.3) 1.3 (0.4) 0.83
Output over 3-day collection, kcals 333 (174) 335 (165) 0.97
Concentration of output over 3-day collection, kcal/g 1.3 (0.3) 1.3 (0.4) 0.64
Data are presented with means (SD); p value for paired t test comparison between the 2 interventions.
Table 2. Difference in the concentration and output of fecal SCFA 
between the 2 interventions
Large dinner Large lunch p value
Average of all samples per participant, μmol/g
Acetate 14,453 (10,541) 13,348 (10,197) 0.62
Propionate 3,570 (2,172) 3,615 (1,797) 0.95
Iso-butyrate 298 (167) 290 (204) 0.86
Butyrate 3,308 (3,107) 2,787 (2,222) 0.33
Iso-valeric 374 (222) 358 (257) 0.80
Valeric 377 (271) 369 (302) 0.87
Iso-hexanoic 18.2 (15) 14.7 (11.8) 0.31
Hexanoic 113 (130) 116 (98) 0.68
Heptanoic 17.3 (18.3) 15.3 (11.7) 0.49
Octanoic 6.9 (3) 14.2 (21.4) 0.20
Output over 3-day collection, μmol
Acetate 32,378 (2,700) 34,353 (30,175) 0.76
Propionate 8,133 (5,792) 9,479 (11,406) 0.52
Iso-butyrate 626 (282) 696 (429) 0.80
Butyrate 7,496 (8,415) 7,188 (6,602) 0.84
Iso-valeric 775 (393) 849 (557) 0.76
Valeric 817 (541) 918 (730) 0.34
Iso-hexanoic 41.9 (44.2) 36.3 (30.4) 0.09
Hexanoic 224 (209) 279 (230) 0.31
Heptanoic 33.8 (36.3) 35.2 (29.2) 0.31
Octanoic 15.0 (8.6) 35.9 (60.7) 0.65
Concentration of output over 3-day collection, μmol/g
Acetate 111 (32) 112 (40) 0.90
Propionate 29.1 (11.9) 30 (17) 0.79
Iso-butyrate 2.6 (0.9) 2.8 (1.9) 0.55
Butyrate 24.5 (12.2) 23.5 (9.3) 0.70
Iso-valeric 3.2 (1.7) 3.2 (1.8) 0.54
Valeric 1.9 (1.0) 1.9 (1.0) 0.91
Iso-hexanoic 0.2 (0.1) 0.1 (0.1) 0.42
Hexanoic 1.0 (1.0) 1.1 (0.9) 0.53
Heptanoic 0.2 (0.2) 0.2 (0.1) 0.78
Octanoic 0.1 (0.1) 0.1 (0.2) 0.28
Data are presented as means (SD); p value for paired t test com-
parison between the 2 interventions. SCFA, short-chain fatty acids.
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and removal was carried out using the VSEARCH implementation 
of the UCHIME de novo algorithm. Following this, a secondary 
chimera detection and removal step was applied, this time using 
the UCHIME reference-based method and the “Gold” Chime-
raSlayer reference dataset. OTUs were then generated by cluster-
ing the remaining sequences at 97%. OTUs were taxonomically 
classified to genus level using the RDP naive Bayesian classifier 
method implemented in the dada2 R package.
Statistical Analysis
Statistical analysis was performed using Minitab 17 and R. 
Analysis of the microbiome data was performed using the phylo-
seq (NMDS plots) and vegan (permutation ANOVA, richness, di-
versity, and evenness measurements) packages in R. Significantly 
different OTUs and genera were identified using paired t tests on 
the log proportional abundances of each OTU or genus with Ben-
jamini-Hochberg corrections for multiple testing applied to the 
resultant p values. As baseline samples were not collected, we per-
formed differential analysis at the end of the 2 interventions. Sig-
nificant thresholds were applied at p < 0.05 for adjusted p values. 
In the absence of pilot data, no formal power calculation was car-
ried out prior to study initiation. However, decision to extend or 
discontinue the study was made following interim analysis of the 





























































































































































c d e f
Fig. 2. Effect of timing of main meal consumption on the gut microbiome of healthy volunteers. a NMDS using 
Bray-Curtis distances of OTU community structure. b NMDS using weighted Unifrac distance analysis. c Rar-
efied richness. d Chao1 index. e Exponential of Shannon index (eH). f Pielou’s evenness. NMDS, nonmetric 
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Seventeen participants took part in this study (8 fe-
males and 9 males; mean [SD] age of 26.2 [3.8], min.-max. 
23–39 years; BMI of 24.3 [5.3] kg/m2). By these 17 par-
ticipants, a total of 81 stools were produced and collected: 
38 (47%) over the large lunch intervention and 43 (53%) 
over the large dinner intervention. Daily energy intake 
varied among participants, ranging from 1,801 to 3,478 
kcal with an average (SD) of 2,606 (513) kcal. There was 
no significant mean weight change (mean [SD]: 0.29 [0.6] 
kg; p = 0.053) during the large lunch intervention, but fol-
lowing the large dinner intervention, a significant in-
crease in average (SD) body weight by 0.47 (0.72) kg (p = 
0.016) was observed.
Stool Characteristics
A high variation in the total amount of feces produced 
per day was observed among individuals (%CV: 64%), but 
the corresponding intraindividual variation was much 
lower (average %CV of participants: 42%). Total stool 
output (i.e., total weight of feces) produced over the 3 
days of collection did not differ between the 2 interven-
tions and neither did the Bristol Stool Scale rating, fecal 
pH, and fecal water content (%) (Table 1).
Energy Output in Feces
Participants lost on average 5.5% of their daily energy 
intake in feces with no differences between the 2 interven-
tions (lunch 5.2% vs. dinner 5.8%, p = 0.83). Similarly, the 
time of main meal consumption did not significantly as-
sociate with fecal energy output or content (Table 1).
Fecal SCFA
Differences in the production of fecal SCFA between 
interventions were expressed using 4 different approach-
es: (a) total 3-day fecal output, (b) average of all samples 
per participant, (c) concentration of 3-day output, and 
(d) as average relative (%) abundance. Regardless of the 
way data were expressed, fecal SCFA were not significant-
ly different between the 2 interventions (Table 2).
Fecal Microbiome
The last sample provided by each participant and for 
each intervention was sequenced using the V4 region of 
the 16S rRNA gene. Thirty-four samples with >10,000 
reads were brought forward in the final analysis. The total 
number of OTUs identified across all samples was n = 
922. There were no significant differences between the 2 
interventions for the Chao1 index (p = 0.87) (Fig. 2), a 
measure of microbiome richness, or the Shannon diver-
sity index (p = 0.46) (Fig. 2). Using either the Bray-Curtis 
dissimilarity (Fig. 2) index or UniFrac distance analysis, 
the fecal microbiome structure (β diversity) clustered pri-
marily by enterotype and not by dietary intervention 
(Fig. 2 ; online suppl. material 3). There was no deviation 
of any participants from their enterotype, suggesting that 
the effect of meal timing was unable to supersede the ef-
fect of enterotypes. In differential analysis, the taxon rela-
tive abundance of 8 OTUs and 7 genera differed between 
the 2 interventions (Fig. 3). However, these significant ef-
fects vanished when analysis was corrected for multiple 
testing. Otherwise, the microbiome profile remained un-
affected between the 2 dietary interventions at OTU 
(Fig. 4) and genus level assignments (online suppl. mate-
rial 4).
Absolute Quantification of Major Bacterial Groups
The concentration (16S rRNA gene copy number/g of 
feces) of 5 major bacterial groups, representative of the 
Table 3. Difference in the concentration and output of major 







Average concentrationa of all samples per participant
Total bacteria 10.5 (0.3) 10.5 (0.4) 0.67
Bacteroides/Prevotella 9.4 (0.4) 9.5 (0.3) 0.20
Bifidobacterium spp. 8.3 (0.4) 8.3 (0.4) 0.93
C. leptum group 9.6 (0.8) 9.5 (0.3) 0.65
C. coccoides group 8.7 (0.4) 8.7 (0.3) 0.93
E. coli 7.0 (0.7) 7.5 (0.7) 0.02
Output over 3-day collection
Total bacteria 13.0 (0.5) 12.8 (0.5) 0.65
Bacteroides/Prevotella 11.8 (0.5) 11.9 (0.4) 0.22
Bifidobacterium spp. 10.7 (0.5) 10.7 (0.4) 0.99
C. leptum group 11.9 (0.6) 11.8 (0.4) 0.62
C. coccoides group 11.1 (0.5) 11.1 (0.4) 0.86
E. coli 9.5 (0.8) 9.9 (0.7) 0.05
Concentrationa of output over 3-day collection
Total bacteria 12.5 (0.6) 12.5 (0.7) 0.18
Bacteroides/Prevotella 11.5 (0.5) 11.5 (0.4) 0.62
Bifidobacterium spp. 10.4 (0.5) 10.3 (0.3) 0.50
C. leptum group 11.6 (0.7) 11.4 (0.3) 0.41
C. coccoides group 10.8 (0.5) 10.7 (0.4) 0.65
E. coli 7.0 (0.7) 7.5 (0.7) 0.03
Data (log10 of 16S rRNA, gene copy number) are presented as 
means (SD); p value for paired t test comparison between the in-
terventions. a Log10 of 16S rRNA, gene copy number/g of wet fecal 
matter.
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human gut microbiome, was quantified using qPCR. The 
time of main meal consumption did not influence sig-
nificantly the fecal concentration of total bacteria or oth-
er bacterial groups except for E. coli, which was signifi-
cantly higher after the large lunch intervention. This ef-
fect remained significant regardless of the approach used 
to express the data (Table 3).
Fasting Blood Lipids
The time at which participants consumed their main 
meal had no significant effect on fasting total cholesterol 
(p = 0.97), LDL cholesterol (p = 0.87), HDL cholesterol 
(p = 0.75), or serum triglycerides (p = 0.86) (Fig. 5).
Fasting Glucose, Insulin, and Insulin Resistance
Fasted plasma glucose concentration did not differ be-
tween the 2 interventions (p = 0.77). Similarly, the time of 
main meal consumption had no significant effect on fast-
ed plasma insulin concentrations (p = 0.77) or the ho-
meostatic model assessment of insulin resistance 
(HOMA-IR) (p = 0.63) (Fig. 5).
Low-Grade Systemic Inflammation
Analysis of plasma IL-6 (p = 0.55) and TNF-α (p = 
0.34) showed no difference in low-grade subclinical in-
flammation between the 2 dietary interventions. Similar-
ly, no effect was observed for CRP which did not differ 
between the 2 interventions (p = 0.78) (Fig. 5). One par-
ticipant had a raised CRP after the end of the second in-
tervention due to a recent cold. Repetition of statistical 
analysis after exclusion of this participant did not change 












































































































































































































Fig. 3. Log-relative abundance significant differences between the 2 dietary interventions. a OTU level. b Genus 
level. OTU, operational taxonomic unit.
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Fig. 4. Effect of the timing of main meal consumption on the relative abundance of the top 20 common OTUs 
group mean. Mean microbiome profile of all participants per dietary intervention. A1–A17, microbiome profile 
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Discussion
This study was set out to investigate the effect of the 
time of main meal consumption on the gastrointestinal 
microbiome and cardiometabolic factors of the host. 
Against our hypothesis, we found that the time at which 
the main meal was consumed had no acute effects on fecal 
pH, form and texture of feces, fecal water content, total 
energy loss in feces, total fecal SCFA output, and the glob-
al microbial community structure or taxon relative abun-
dance inferred using high-throughput sequencing. When 
we looked at the effect of the 2 interventions on the abso-
lute concentration of dominant bacterial species, we ob-
served a significant increase in the absolute concentration 
of E. coli after consumption of the main meal as lunch. 
This effect is unlikely to be a random or spurious finding 
as it persisted when we expressed the amount of this spe-
cies as the average concentration of all samples per par-
ticipant, concentration, or total output over 3-day com-
plete fecal sample collection. Interestingly, this signal was 
not replicated using high-throughput sequencing most 
likely due to different expression of data (absolute vs. rel-
ative abundance) and other counterbalancing changes. 
With the exception of the significant effect of our inter-
vention on E. coli, these findings are against our hypoth-
esis and those results presented previously in cross-sec-
tional research [5]. It could be postulated that the E. coli 
increase was only apparent after consumption of the main 
meal at lunch time due to the long overnight fast between 
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Fig. 5. Effect of timing of main meal consumption on blood biomarkers of cardiometabolic health. a Total cho-
lesterol (mmol/L). b LDL cholesterol (mmol/L). c HDL cholesterol (mmol/L). d TAG (mmol/L). e Fasting glucose 
(mmol/L). f Insulin (mIU/L). g HOMA-IR (mIU/L). h IL-6 (pg/mL). i TNF-α (pg/mL). j CRP (mg/L). Box plots 
show means and quartiles. TAG, triglycerides; CRP, C-reactive protein. White boxplot indicates the large dinner 
intervention, and gray boxplot indicates the large lunch intervention.
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meal in between. Kaczmarek et al. [5] observed that over-
night fasting was associated with relative abundance of 
several bacteria, including a nonsignificant trend (p = 
0.08) for Escherichia. Another study investigating the ef-
fects of the Western diet on the gastrointestinal microbi-
ome of mice found that it caused an increase in fecal E. coli 
levels [15]. It is therefore possible that a similar response 
to the Western diet occurred in our participants.
Diet has been previously shown to influence fecal 
SCFA content [16], but evidence implicating main meal 
timing is scarce. We found no significant differences be-
tween the lunch and dinner meal interventions for any of 
the 10 SCFA tested. This observation agrees with previous 
cross-sectional research in which eating behavior (i.e., 
eating frequency, energy consumption early in the day, 
and overnight-fast duration) did not associate with the 
concentration of SCFA in spot stool samples despite a de-
cline in the concentration of acetate, propionate, and bu-
tyrate of samples collected late during the day [5].
Similarly, we found no difference between the 2 inter-
ventions on blood biomarkers of CVD risk. This means 
that the time at which the main meal was consumed had no 
acute effects on blood CVD biomarkers such as blood lip-
ids, insulin resistance, or low-grade inflammation, despite 
weight gain following the intervention with large dinner. 
Supporting the findings from this study, a recent weight 
loss study comparing the effects of a large lunch with a large 
dinner [9] found that although a decrease in blood lipids 
was noted for both groups and in parallel to their weight 
loss, the change in blood lipid level was not significantly 
different between the 2 interventions. Similarly, a crossover 
RCT investigating snacking times (10 a.m. vs. 11 p.m.) 
found that time of consumption of a high-fat, high-carbo-
hydrate snack had no significant effects on serum triglyc-
erides and HDL cholesterol, but late snacking produced a 
significant increase in total and LDL cholesterol [17].
Neither fasted blood insulin, glucose, nor HOMA-IR 
was responsive to different timing of the main meal. 
These findings are supported by previous research and a 
recent meta-analysis where snacking time had no effect 
on HOMA-IR, insulin, or glucose levels [17, 18]. Con-
trary to this evidence, when meal times were delayed by 
5 h, plasma glucose rhythms were also delayed by approx-
imately 5 h and average glucose concentration decreased 
[19]. Madjd et al. [9] also reported that a large lunch was 
associated with better insulin control when compared to 
individuals eating a large dinner. This result was, how-
ever, dependent on weight loss, which in the current 
study was not observed in the intervention with lunch as 
the main meal, and although weight gain was observed in 
the other group, the magnitude of this effect was very 
modest and perhaps too small to evoke an acute effect in 
young otherwise healthy subjects.
Two proinflammatory cytokines and CRP were mea-
sured here as markers of low-grade systemic inflamma-
tion, particularly as these markers are often elevated in 
obese individuals [20]. Although the origin of this low-
grade inflammation remains unknown, there is accumu-
lating evidence to suggest that this might be due to the 
effect of diet on the gut microbiome and associated endo-
toxemia [2]. Our results suggest that time of main meal 
consumption is unlikely to be a contributor to low-grade 
inflammation, and this effect is unlikely to be associated 
with changes in the gut microbiome.
Bomb calorimetry was used on all stool samples from 
all participants to estimate intestinal absorption capacity 
[21] and the effect of the 2 interventions on the percent-
age of fecal water content and the Bristol Stool Scale as 
proxies of gastrointestinal motility. Nutrient load has 
previously been shown to be associated with changes to 
the microbiome and correlating with changes to energy 
loss in stool [22]. Nonetheless, this RCT is the first of its 
kind to investigate the associations between time of food 
consumption, energy content of stool, and microbiome 
changes and found no statistically significant association 
between time of main meal and cumulative energy con-
tent of fecal samples. Average fecal energy content met 
expected healthy values for both interventions [23].
This well-controlled study is not without its limita-
tions. The study is of modest sample size, but the size ef-
fect and associated p values observed suggest that this 
study is unlikely to suffer from loss of statistical power. 
Recruitment of more participants is unlikely to have al-
tered the primary findings presented; therefore, exten-
sion of recruitment was deemed unnecessary. It is how-
ever possible that the discordant results for E. coli be-
tween 16S rRNA sequencing and qPCR are due to lack of 
statistical power as well as the different expressions of 
data (relative abundance [%] vs. absolute quantification 
[log10 16S rRNA gene copies number/g of feces]).
We are also unable to comment on long-term effects 
that meal timing may have on the gut microbiome and 
cardiometabolic factors. With this in mind, the current 
study has several strengths. A robust study design was 
employed, with each participant acting as their own con-
trol. Furthermore, each participant had a personalized 
diet which equated their energy requirements and was 
based on their food preferences, and meals were provided 
to maximize compliance and accurate dietary intake as-
sessment.
Papadopoulou et al.Ann Nutr Metab 2020;76:322–333332
DOI: 10.1159/000510646
Conclusion
This hypothesis testing study investigating the effects 
of the time of main meal consumption on the microbi-
ome and the host found that main meal timing had min-
imal acute effects on cardiometabolic factors in the blood, 
intestinal absorption capacity, or on microbiome compo-
sition or activity. It is therefore unlikely that either a large 
lunch or a large dinner affects the diurnal rhythms of the 
gut microbiota and, by proxy, the onset of noncommuni-
cable diseases influenced by the latter. In a presumptive 
causal pathway between timing of meal and risk of CVD 
onset, the gut microbiota is likely not to be implicated, at 
least in the short term. Future investigations should look 
to expand upon the findings of this study with longer du-
ration of dietary interventions.
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